Abstract Recycling is one of the key ways of improving polymer properties and viable applications. Polymer blends are generating desired properties and the strength of recycled polymer improves depending on the ratio of the compositional blend. Microscopic characterization of the properties of recycled polyacrylonitrile fibre with polyethylene terephthalate using SEM and AFM was investigated in this work. The results revealed that blended compositions of rPAN/ PET (50/50; 70/30) are viable to explore while rPAN/PET (30/70) blend resulted in poor adhesion between the matrix and phase. Therefore, high percentage composition of rPAN in the blended samples positively improves the processing properties of PET. 
Introduction
Polyacrylonitrile (PAN) products are finding application in the field of polymer development due to their high mechanical strengths, toughness and excellent thermal properties [1] . These attributes are very indispensable in understanding PAN functions and its application as precursors for the production of carbon fibre [2, 3] , etc. Therefore, many PAN products have been discovered for different applications as the need required. These PAN products are not easily disposed and the need for their recycling is coming to light, due to government legislative laws on recycling. Recycling of PAN and PAN blends is challenging because they comprised of multiple segments (matrix and phases). Hence, there has been significant research into the recycling of PAN due to a number of recycling technologies now available [4] [5] [6] . Of all the different PAN recycling methods, mechanical recycling is the simplest approach. This process allowed pure and used PAN materials to be compounded with other polymers which are either miscible or immiscible [4, 5] .
Different recycling techniques have been reported in the work of many authors. Their reports have shown tremendous improvement in blending application of PAN [7] [8] [9] [10] [11] [12] [13] [14] . In addition, great effort has also been applied in the blending and development of PET as reported in many journals [15] [16] [17] [18] [19] . Little effort is shown in the compatibility of rPAN with PET; hence, the need for this study to be carried out.
In this current study scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to characterize rPAN, PET and rPAN/PET blended samples. SEM and AFM have proved to be a very useful technique employed for surface imaging with sub-nanometric resolution. By imaging the samples with SEM and AFM, surface topography, composition, molecular structure, pores distribution, surface roughness and morphological aspect local properties, such as height, friction, with a probe were validated [9] [10] [11] . These characterizations are highly important in the development of the rPAN/ PET blends. This also aided the understanding of the effect of blended ratios composition of the rPAN/PET.
Experimental methods

Materials
The rPAN fibre employed in this study was supplied by ESKOM, South Africa. Neat PAN has a molecular weight (M w ) = 53.06 g/mol, amorphous density of 1.184 g/cm 3 . The glass transition and melting temperatures are 95°C and 317°C, respectively. The PET was purchased by the Tshwane University of Technology (TUT) from Ten Cate advanced composites BV, the Netherlands. PET has a molecular weight, (M w ) = 192.2 g/mol and the amorphous density of 1.370 g/ cm 3 . It's glass transition and melting temperatures are 75°C and 285°C, respectively.
The recycled PAN fibre and PET processing
rPAN fibres were cleaned by soaking in water for 12 h, rinsed and dried for 24 h at room temperature in order to remove the ash and coal particles embedded in it before the blending process took place. Dried rPAN fibres and neat PET were prepared through melt blending using the HAAKE Polylab OS Rheomix 600 (Thermo Electron Co., USA) at 290°C for 5 min with a rotor speed of 80 rpm. The rPAN and PET were blended at the ratios of 30/70, 50/50, and 70/30 as received, while rPAN and PET were used as controls. The resulting blends and control samples were then compression-moulded to the desired dimensions for the various tests, using a carver compression mould (Carver, USA). The total compression residence time of 10 min with a compression step of 2 min at a pressure of one metric ton was employed and water was also used for the slow cooling during the carving process. Table 1 shows the rheomixer operating parameters.
Characterization
Scanning electron microscopy (SEM)
The cryogenically fractured-surface morphology of rPAN, PET and the blended samples was determined using a JEOL-SEM model JSM-7500LV field emission scanning electron microscopy (SEM) (JEOL, Japan). An accelerating voltage of 3 kV was used under the gentle beam (low mode) in order to prevent the beam from damaging the samples. The samples were prepared by immersion in liquid nitrogen, cryogenicallyfractured, mounted on stubs edge-on and coated with mercury in order to enhance conductivity. The images were collected at a magnification of 50,000Â. The size of the distinct features in the images was determined using ImageJ (National institute of Health, USA).
Atomic force microscopy (AFM)
Atomic force microscopy (AFM) WSxM 5.0 development 6.4 and digital instruments/VEECO multimode are currently finding wide application in polymer surface imaging topography at high resolution. AFM is designed to acquire images, measure and generate statistical properties such as the height distribution function, the root-mean-square (rms), slope, curvature, average height, average surface area, power spectral density, average surface roughness and surface fractal analysis used to characterize polymer surfaces during analysis. AFM uses scanning probe microscope (SPM) raster-scans over a small area of samples and simultaneously measured the local properties for analysis [20, 21] . For this reason the measurement of force curves has become essential in different fields of research, such as surface science and materials engineering [22] [23] [24] .
In conclusion, AFM does not only measure the force on the polymer sample but also regulate and allow acquisition of images at very low forces. Lastly, a well-constructed feedback loop is essential for AFM to generate 2D and 3D images for detail analysis.
Results and discussion
The blends morphology
The nodule-like structure observed in Fig. 1a is due to the net predominance of the solid-solid demixing during the blending process. This demixing promotes simultaneous nucleation and growth of the blend crystallites in all directions. The nodules characterizing rPAN/PET blends exhibit different size and compactness due to the blending ratio (Fig. 1a-c) . In addition, an increase in the processing temperature of PET resulted in spherulite network characterized by the size suggesting that the number of nuclei of crystallites in the blend is reduced at a higher temperature, which favours crystal growth in structure formation. Therefore, changes in the degree of interconnectivity of blends structure are expected according to Gugliuzza and Drioli [25] . In addition, high composition of PET in the blend decreases spherulites number of links, resulting in an increase in the pores formation. The formation of larger and larger gaps between the spherulites generates the blends pores, whose size and distribution are significantly dependent on the blend ratio [25] . 
Structure-property relationships
Varying the blend ratio and increasing the processing temperature of PET affect the performance of the blended polymers. In the present work, the fraction of PET in the blend was bound to influence the viscosity of rPAN and same as rPAN for PET. Therefore, the morphology of rPAN/PET blends was studied in order to elucidate the blend homogeneity or otherwise validate the correlation between the morphology, pores distribution and blend compositional ratios as follows. Fig. 1a shows the blend of rPAN/PET (70/30). This blend reveals a near total dispersion of PET in the rPAN matrix. The blend spherulites appear more compacted because of additional interlinks provided by high rPAN composition in the blend. Also, due to high composition of rPAN in the blend, disperse phase decreased remarkably according to Lepers et al. [26] . Therefore, high rPAN composition in the blend reduces PET particle size because the dispersed phase is less viscous than the matrix according to Chesters [27] and Minale et al. [28] . This implies that the compatibility between rPAN and PET increased with increasing rPAN content by reducing the interfacial adhesion between the two components, see be drawn to the boundaries, although some dispersed phase portions were also observed in the blend.
The morphology of rPAN/PET (30/70) sample is shown in Fig. 1c . The blend shows some degree of uniformity of the two polymers, but it further revealed the formation of pores in the blend which resulted in the matrix weakness, thereby leading to sample brittleness as a result of poor adhesion between the components. This ratio is not viable for recycling processes.
The micrograph of rPAN shows a complex interconnected network of fibres (Fig. 1d) . Obviously, the rPAN fibre morphology provides a compounding pathway that can enhance an effective blending and this can improve the rPAN blend properties if carefully explored as shown in the blends of rPAN/PET (70/30 and 50/50). Fig. 1e shows the morphology of the pure PET, and this shows a possible matrix compounding for new material development. The morphology reveals the possibilities of fibre penetration in the network of the matrix; this is a positive prospect for rPAN fibre blending.
Lastly, SEM cryogenically-fractured surfaces of rPAN, PET and rPAN/PET blended samples also revealed pore distribution. This pore size and its distribution are very important for the performance data analysis in recycling technology. It provides a quantitative description of the range of pore sizes present in a given blended sample and it gave a more accurate description of the particle sizes that is likely to affect the blended compositional ratios. Pore size distribution is one of the numerical parameters that can be obtained directly from the AFM.
AFM topography imaging of samples was helpful in obtaining information on the pore size distribution by providing statistics on the surface of pore dimensions (Fig. 2) . In the study, the pore size distribution varies with the blended samples compositional ratios, that is, with rPAN as the matrix, the pore size distribution decreases (Fig. 2c) while the introduction of PET as matrix increased the pore size distribution in the blend (Fig. 2e) . This resulted in poor adhesion between the matrix and phase composition rPAN/PET (30/70) (Fig. 2). 4.3. Surface roughness analysis with atomic force microscopy (AFM) Fig. 3 shows the non-contact mode 3D topography images obtained from AFM for 5.0 lm Â 5.0 lm rPAN, PET and rPAN/PET blended samples. The 3D topography images represent the samples top views with the information on the depth of the samples in the Z-direction, coded in colour intensity having the highest points. The light regions represent the peaks and the dark region represents the pores. The samples have a thick structure and higher ridges of three-dimensional orthographic features. These ridges could be due to the incorporated developed programming tool that can be useful when investigating the rPAN/PET blended samples and the thick structure was as a result of the dense nature of the matrix-phase composition. The 3D orthographic image of samples shows the occurrence of tiny peaks and valleys.
The tiny peaks are responsible for the improved roughness of rPAN/PET (50/50 and 30/70) when compared to PET; this might lead to improved adhesion of the matrix and phase [29] . The roughness parameter of the rPAN/PET (70/30) was very low. Furthermore, Table 2 reveals that the roughness values decreased as PET was added to rPAN. This trend resulted in the weakening of the interlinking network of the blends; poor adhesion between the matrix and the phase leads to brittleness. This brittleness was revealed by the cracking of rPAN/PET (30/70) during preparation for further test. In conclusion, the addition of PET above 50% in composition weakens the blend and makes the blend unsuitable for the proposed recycling application. Introduction of suitable additives can be explored to improve this weakness. 
Conclusions
The AFM pore size distribution and surface roughness shed light on the behaviour of rPAN/PET blended samples. This provided valuable information on rPAN/PET blended samples characterization. The study also revealed that rPAN/PET (50/50) is the optimum blended ratio for PET and any ratio above 50% of PET resulted in poor adhesion between the matrix and phase, which lead to the poor blended composition. SEM micrographs showed that, varying the ratio of the blends has a significant effect on the mechanical property. Therefore, both AFM and SEM are significant tools that aided the development of the rPAN/PET blends. In addition, the study also revealed that used PAN can be recycled with PET at different blended ratios.
A further development is the proposed addition of additives and fillers to the composition in order to explore the possible application of the blend of rPAN/PET. This is to improve on the phase separation observed in this current study. 
